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ABSTRACT 
This study investigates the sustained oxidation performance of sulfate-based electrooxidation at a 
boron-doped diamond anode; more specifically, the continued oxidation of a model compound, 
diatrizoate, in the absence of applied current (i.e., off-grid oxidation). Two approaches were 
taken: delayed sample quenching with methanol, and application of intermittent current supply. 
For samples electrooxidized in Na2SO4 anolyte for 10–15 min, a delay of 60 min in sample 
quenching yielded an additional diatrizoate removal of 53%. This impact of sample quenching 
delay was observed at both pH 2 and pH 7, indicating that the source of sulfate and hydroxyl 
radicals was present at both pH values. Intermittent current supply (cycles of 5 min ON/15 min 
OFF) enabled a saving in electrical energy consumption by ~35% compared to constant current, 
due to continued removal of diatrizoate during the OFF periods. Electrooxidation in NaNO3 
anolyte did not show any off-grid oxidation of diatrizoate, confirming the crucial role of 
electrochemically activated sulfate. Given that the sulfate concentration was only 150 mg L
-1
, the 
results presented herein may have significant implications in the electrochemical treatment of 
various types of contaminated water, from groundwater to sulfate-rich wastewater.  
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1. Introduction 
Boron-doped diamond (BDD) anodes have attracted wide attention for the removal of persistent 
organic contaminants from wastewater because of their capability to generate hydroxyl radicals 
(
•
OH) [1-3]. In the presence of sulfate, BDD anodes catalyze the formation of SO4
•−
 (Eqs. (1)-
(3)) [2, 3]. 
SO4
2−
    → SO4
•−
+e
−
  E
0 
= 2.5–3.1 V  (1) 
HSO4
−
+
•
OH
   → SO4
•−
+H2O  k = 4.7 × 10
5
 M
−1
s
−1
 (2) 
H2SO4+
•
OH
   →  SO4
•−
+H3O
+ 
 k = 1.4 × 10
7
 M
−1
s
−1 
(3) 
2SO4
•−
   →  S2O8
2− 
  k = 7.6 × 10
8
 M
−1
s
−1 
(4) 
Similar to the electrogenerated 
•
OH, SO4
•−
 may initiate a chain of redox reactions with organic 
and inorganic contaminants [4-6]. The removal rates of several persistent organic contaminants 
were 10–15 times higher in the presence of sulfate compared to •OH-based electrooxidation in 
inert anolytes [4]. The strong oxidizing capacity of SO4
•−
 can be attributed to their high redox 
potential (E
0 
(SO4
•−
/SO4
2−
) = 2.5–3.1 V), and preferential reaction with organic compounds via 
direct electron transfer [7-13]. Also, recombination of two electrogenerated SO4
•− 
may yield 
persulfate (Eq. (4)). Although SO4
•−
 are short-lived species with a lifetime in the order of ns–µs, 
the data obtained in this study indicate that electrooxidation may continue for an extended period 
of time after the current has been stopped.  
 
The main objective of this study was to investigate the off-grid oxidation capability of an 
electrochemical system equipped with a BDD anode, i.e., continued oxidation in the absence of 
applied current. We used two approaches: delayed sample quenching with methanol, and 
application of an intermittent current supply. An iodinated contrast agent, diatrizoate, was 
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selected as a model contaminant due to its persistency to oxidation, which allowed the reaction 
kinetics to be studied in a highly oxidizing environment [14, 15]. The study presents important 
findings on the role of sulfate in BDD-based electrooxidation as it offers alternative operational 
strategies for reducing the energy consumption of the system, while ensuring complete removal 
of persistent contaminants.   
 
2. Materials and Methods 
Details of the analytical methods and reactor design are given elsewhere [4, 5]. In brief, 
experiments at acidic pH were performed in a cation-exchange membrane-divided electrolytic 
cell; the catholyte was identical to the anolyte but without added diatrizoate. Experiments at 
neutral pH were run in an undivided one-chamber cell with the same volume as the anodic 
chamber of the divided cell, thus maintaining the same active vs. total volume ratio in all 
experiments. The electrolyte pH in the undivided cell was maintained at pH 6.95 ± 0.3 using a 
Liquisys M (Endress+Hauser, Switzerland). All electrooxidation experiments were performed 
using 10 µM diatrizoate in 1.6 mM Na2SO4 or NaNO3 solutions (500 mL, 4.75 ± 0.3 mS cm
-1
, 
200 mL min
-1
) at pH 2 or pH 7. Experiments were performed at 100 A m
-2
 of current density and 
at 24±1 °C. 750 µL samples were immediately quenched with 250 µL of methanol. The 
oxidation kinetics were fitted to pseudo-first-order kinetics using Aquasim 2.1d [16]. The energy 
consumption was expressed as electric energy per order (EEO) (kWh m
-3
 order
-1
) i.e., the energy 
needed to reduce the concentration of diatrizoate by one order of magnitude in a unit volume of 
treated solution [17-19].   
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Ozone was measured using an indigo test kit, and H2O2 using an ammonium metavanadate 
method that was found to be insensitive to S2O8
2−
 [4]. To further verify the absence of anodically 
formed non-radical oxidants that can remain in the sample, 5 mL aliquots of Na2SO4 (1.6 mM, 
pH 2) electrolyzed in the absence of diatrizoate for 120 min were added to 50 mL of 10 µM 
diatrizoate solutions, and left to react for 60 min.  
 
2.1 Delayed sample quenching experiments 
To investigate the impact of sample quenching delay, the current was stopped after 10 min of 
electrooxidation in Na2SO4 anolyte (1.6 mM, pH 2); a 750 µL sample was then taken and 
divided into five 150 µL samples that were subsequently quenched with methanol after 0, 10, 30, 
45, and 60 min. The same procedure was repeated for experiments with 15 min of electrolysis 
time. To further investigate the impact of electrolysis time on the sustained oxidation 
performance of the system, samples from electrooxidation experiments in Na2SO4 and NaNO3 
anolytes (1.6 mM, pH 2) were quenched with methanol immediately and after 30 min. To 
investigate the impact of pH on the sulfate-based system, the previously described experiment 
was also conducted in Na2SO4 anolyte at pH 7 (1.6 mM).   
 
2.2 Electrooxidation with intermittent current supply 
Electrooxidation was conducted in Na2SO4 and NaNO3 anolytes (1.6 mM, pH 2), and in Na2SO4 
at pH 7 (1.6 mM) using an intermittent current supply, where 100 A m
-2
 was applied in cycles of 
5 min ON/15 min OFF. The anolyte was also circulated in batch mode during the OFF cycles, as 
in the experiments with continuous current.  
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3. Results  
3.1 Impact of delayed sample quenching on the concentration of diatrizoate 
The removal rate of diatrizoate obtained in Na2SO4 at pH 2 was 2.84 ± 0.1 h
-1
, 8 times higher 
than observed in anodically inert NaNO3 (0.35 ± 0.05 h
-1
) anolyte (data not shown). Similar 
results were obtained at neutral pH, where removal rates in sulfate and nitrate were 2.27 ± 0.002 
h
-1
 and 0.28 ± 0.02 h
-1
, respectively (data not shown). These results confirmed the 
electrochemical activation of sulfate to SO4
•−
 at the BDD anode, as in our previous studies [4].   
 
Delays in sample quenching of 10–60 min had a significant impact on diatrizoate concentration 
in samples from electrooxidation in Na2SO4, as this continued decreasing until methanol was 
added (Figure 1). Moreover, the electrolysis time also had an impact on the extent of off-grid 
diatrizoate oxidation. For example, a 10 min delay yielded an additional 13% and 28% removal 
for 10 and 15 min electrolysis time, respectively. Postponing the sample quenching for 60 min 
further increased diatrizoate removal by an additional 25% and 53% for 10 and 15 min 
electrolysis time, respectively.  
 
The impact of electrolysis time on the sustained oxidation performance of the system was also 
evident from the concentrations measured in the samples quenched immediately and after 30 
min, which were withdrawn from the reactor after 10–60 min of electrolysis. The removal of 
diatrizoate due to off-grid oxidation was 29% and 36% for the samples that had been previously 
electrolyzed for 10 and 20 min, respectively, at acidic pH (Figure 2A). Further increases in 
electrolysis time (30–60 min) leads to more complete removal of diatrizoate inside the reactor, 
and therefore the contribution of the off-grid oxidation is less pronounced. Moreover, the off-
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grid diatrizoate oxidation also occurred in samples that had been electrolyzed at pH 7, with 20–
32% of additional removal observed in the samples treated with 10–30 min of electrolysis time 
(Figure 2B). Delays in sample quenching had no effect on the measured concentration of 
diatrizoate for electrooxidation in NaNO3 (Figure 2C), and the system did not exhibit the 
capacitive performance found in the presence of Na2SO4. 
 
3.2 Electrooxidation of diatrizoate using an intermittent current supply 
For electrooxidation in Na2SO4, when 100 A m
-2
 was applied in cycles of 5 min ON/15 min 
OFF, diatrizoate concentrations significantly decreased during the OFF periods (Figure 3A). 
This in turn led to a decrease in the energy consumption of the process. The EEO for the 5 min 
ON/15 min OFF operation was 5.9 kWh m
-3
 order
-1
, significantly lower than the 9.2 kWh m
-3
 
order
-1 
required in the continuous current mode to reach ~90% diatrizoate removal. Thus, the 
application of an intermittent current supply reduced the energy consumption by 36%. 
Electrooxidation of diatrizoate in Na2SO4 electrolyte at pH 7 in the 5 min ON/15 min OFF cycle 
showed a similar additional oxidation of diatrizoate during the OFF cycles, indicating that the 
source of SO4
•−
 and 
•
OH
 
radicals was also present at neutral pH (Figure 3B). Application of an 
intermittent current supply to electrooxidation in NaNO3 (Figure 3C) did not result in any 
energy savings as there was no additional diatrizoate removal during the OFF periods. Thus, 
electrochemically activated sulfate plays a critical role in the capacitive performance of the 
system. 
  
4. Discussion 
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The decrease in diatrizoate concentration in the sample and in the absence of applied current 
could not be attributed to the presence of typical non-radical oxidants that can remain in the 
solution (e.g., Cl2/HOCl/OCl
−
, O3, and H2O2). Given that the experiments were conducted in the 
absence of chloride ions, the formation of chlorine was not possible. There was also no 
formation of ozone (measured using the indigo test) or H2O2 (measured using a metavanadate 
method) during electrolysis at a BDD anode in Na2SO4, similar to our previous study [4]. The 
potential contribution of iodine released from diatrizoate oxidation was discarded as the 
maximum possible concentration of I2 (assuming complete release of I
−
 from the removed 
diatrizoate) was too low (i.e., <1 mg L
-1 
for complete removal of diatrizoate). Furthermore, when 
the solution of electrolyzed Na2SO4 (in the absence of diatrizoate) was added to solutions of 
diatrizoate, no removal of the diatrizoate was observed, confirming the absence of long-lived 
oxidants. Electrooxidation of sulfate yielded SO4
•−
 radicals and persulfate, with the concentration 
of S2O8
2−
 increasing linearly with electrolysis time [4]. This is in agreement with the results of 
Davis et al. [20], who had previously indicated persulfate as the only oxidation product, and 
ruled out the possibility of the electrochemical formation of ozone and H2O2 during electrolysis 
at a BDD anode in Na2SO4. Accidental activation of S2O8
2−
 inside the vial via UV or heat was 
excluded, as the vials were kept at room temperature and protected from sunlight. The reaction 
rate of diatrizoate with non-activated persulfate is negligible [4].  
 
Fang et al. proposed activation of persulfate to SO4
•−
 with benzoquinones, via the formation of 
semi-quinone radicals [21]. Thus, the formation of quinone-like products from the 
electrooxidation of diatrizoate may have contributed to the off-grid oxidation through the 
activation of S2O8
2−
. However, a more significant contribution of persulfate could be related to 
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the propagation of SO4
•−
-induced radical chain reactions. Several studies conducted in the 1980s 
on the effect of ionizing radiation on deoxyribonucleic acid (DNA) investigated in depth the 
mechanisms of SO4
•−
-induced chain reactions of the nucleobases (e.g., 1,3-dimethyluracil) [22, 
23]. They observed the formation of a sulfate radical adduct (R-SO4
•−
) via the addition of SO4
•−
 
to the C–C double bond, which rapidly loses SO4
2−
 and forms radical species, R
•
 and R
•+
, (Eqs. 
(5–6)). The sulfate radical adduct and the resulting radical cation react rapidly with the water to 
form an -OH radical adduct (R-OH
•
) (Eq. (7–8)), which can react with S2O8
2−
 according to Eq. 
(9) and act as a propagator of the chain reactions. In particular, the reaction of a reducing radical 
R-OH
•
 and persulfate yields carbocation R
•+
, SO4
2−
 and SO4
•−
 in very close proximity (i.e., cage 
effect). The carbocation R
•+
 may combine with SO4
•−
 and SO4
2−
 to form R-OH-SO4
•
 (Eq. (10)) 
and R-OH-SO4
−
 adduct (Eq. (11)), or react further with water to yield an -OH adduct (Eq. (12)). 
In the two latter cases, the reactions also yield SO4
•−
 radicals, which may react further as chain-
propagating radicals. The R-OH-SO4
•
 can further form another radical carbocation (Eq. (13)). 
R+SO4
•−→R-SO4
•−→R•++SO4
2−
  (5) 
R+SO4
•−→R-SO4
•−→R•+H++SO4
2−
  (6) 
R
•+
+H2O→R-OH
•
+H
+
  (7)   
R-SO4
•−
+H2O→R-OH
•
+SO4
2−
+H
+  
(8) 
R-OH
•
+S2O8
2−→[R-OH++SO4
2−
+SO4
•−
]cage   (9) 
[R-OH
+
+SO4
2−
+SO4
•−
]cage→R-OH-SO4
•
+SO4
2−   
(10) 
[R-OH
+
+SO4
2−
+SO4
•−
]cage→R-OH-SO4
−
+SO4
•−  
(11) 
[R-OH
+
+SO4
2−
+SO4
•−
]cage+H2O→R-(OH)2+H
+
+SO4
2−
+SO4
•−  
(12) 
R-OH-SO4
•+R→R-OH-SO4
−
+R
•+
  (13) 
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Modeling of the reaction rates of the radiolysis product data found that the persulfate radical was 
not the carrier of the chain reaction (Eq. (14)), and that the radical reactions were instead 
propagated by the -OH adduct radical cation (i.e., R-OH
•
) through its further reaction with 
persulfate and subsequent formation of cage reaction products [22, 23]. 
SO4
•−
+S2O8
2−→SO4
2−
+S2O8
•− 
  (14)  
In addition, in the presence of oxygen, allyl-type radicals can be trapped and form peroxyl 
radicals or superoxide radical ions (O2
•−
), which may react further in chain reactions (Eqs. (15–
16)) [23]: 
R
•
+O2→R-OO
•
   (15) 
R
•
+O2→R+O2
•−
+H
+
  (16) 
The rate constants of 1,3-dimethyluracil for cage reactions (Eqs. (9–12)) were found to be in the 
order of 10
4–105 M-1 s-1, i.e., significantly lower than the reported reaction rate constant with 
SO4
•−
 (5.5 × 10
9
 M
-1
 s
-1
) [22]. Thus, it is possible that similar radical chain reactions are 
responsible for the slow decay in diatrizoate concentration observed in the vial and in the 
absence of current.  
 
5. Conclusions 
Continued, off-grid oxidation of diatrizoate, presumably via persulfate propagation of the radical 
chain reactions, enabled the system to operate in the absence of current, i.e., after the current had 
been switched off. This oxidative capacitance of the sulfate-based BDD electrochemical system 
may provide large savings in energy consumption (up to 35%), as demonstrated in the 
experiments performed with an intermittent current supply. The absence of this phenomenon in 
nitrate electrolyte confirmed the crucial role of electrochemically activated sulfate for the 
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continuation of radical chain reactions after the current has been switched off. Given that the 
sulfate concentration used in this study was relatively low (i.e., ~150 mg L
-1
), similar sustained 
oxidation performance could be significant for electrochemical treatment of real contaminated 
water (e.g., municipal or industrial wastewater). The capacitive behavior of the sulfate-based 
BDD electrochemical system may be particularly significant for surface and groundwater that 
may contain sulfate in concentrations reaching hundreds of milligrams per liter. However, 
halides and organic matter can act as efficient scavengers of SO4
•−
 radicals and limit the extent of 
radical chain propagation reactions [5, 24]. Thus, future research should address the impact of 
the inorganic and organic water matrix on radical chain propagation reactions.
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Figure Captions 
Figure 1. The impact of delay in sample quenching with methanol on additional diatrizoate 
removal (%) in samples from the electrooxidation experiments conducted in Na2SO4 anolyte 
(1.56 mM; pH 2; 4.75 mS cm
-1
), for 10 and 15 min of electrolysis time and with varying delays. 
Figure 2. Diatrizoate removal (%) during electrochemical oxidation in (A) Na2SO4 anolyte at pH 
2, (B) Na2SO4 anolyte at pH 7, and (C) NaNO3 anolyte at pH 2 (grey bars). The white bars 
represent the additional diatrizoate removal (%) as a consequence of delayed sample quenching 
with methanol after 30 min. The error bars represent the standard deviations of duplicate 
measurements. 
Figure 3. Diatrizoate removal (%) during electrochemical oxidation using 5 min ON/15 min OFF 
intermittent current supply in (A) Na2SO4 anolyte at pH 2, (B) Na2SO4 anolyte at pH 7, and (C) 
NaNO3 anolyte at pH 2. The grey bars represent the removal during the applied electrolysis time, 
and the white bars represent the additional removal occurring during the OFF part of the cycle, 
when the current was stopped. The error bars represent the standard deviations of duplicate 
measurements. 
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Highlights 
 In sulfate-based BDD electrooxidation, oxidation continues after the current has been 
stopped. 
 Electrochemically produced persulfate acts as radical chain propagator.  
 After stopping the current, oxidation of diatrizoate continues at pH 2 and pH 7. 
 Intermittent current supply reduces the energy consumption by ~35%. 
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